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Abstract 
An 11-MeV proton-accelerating cyclotron has been 

employed to produce F-18 and Tc-99m radionuclides. In 
this report, F-18 radionuclide was produced from en-
riched-water (H2

18O) target whereas Tc-99m was generat-
ed from natural molybdenum trioxide (MoO3) target. Two 
recoiled radioactive impurities such as Co-56 and Ag-
110m are identified in the F-18 solution whereas N-13 
was recognized as an impurity in the Tc-99m production. 
The Co-56 radionuclidic impurity is presumably sputtered 
off the havar window in the target system whereas Ag-
110m is originally from a silver body housing the en-
riched water target which is generated by secondary neu-
tron irradiated Ag-109. In addition, N-13 impurity found 
in the post-irradiated MoO3 target occurs presumably via 
(p,α) nuclear reaction.  

INTRODUCTION 
Positron and gamma ray emitting radionuclides such as 

F-18 and Tc-99m have been used for medical imaging of 
tumors, cancers and other metabolism-related diseases via 
the-so-called Positron Emission Tomography (PET) and 
Single Photon Emission Computed Tomography (SPECT) 
[1-4]. In Indonesia, F-18 radionuclide has been routinely 
produced using an 11-MeV cyclotron at Dharmais Cancer 
Hospital [5], whereas cyclotron-produced Tc-99m is still 
under investigation. Previous research suggested that 
radionuclidic impurities such as Co-56 and Ag-110m 
radionuclides were identified in the post-irradiated en-
riched water target, though it did not quantify the radioac-
tivities. Further studies are, therefore, required to better 
understand the amount of impurities and their dependence 
on the proton beam doses. 

In terms of technetium-99m, it has been reported that 
the most widely used radionuclide in nuclear medicine 
has experienced shortages lately [6-7] since production of 
the gamma emitting radioisotope has been mostly carried 
out using nuclear reactors while the rate of new nuclear 
reactor establishments is slowing down and the number of 
aging reactors is increasing. An alternative method of 
producing Tc-99m using cyclotrons has been proposed 
elsewhere [8] to tackle the shortage issues. Medium ener-
gy protons in the range of 8 – 18 MeV have been suggest-
ed to irradiate molybdenum (Mo) targets [9], either natu-
ral or enriched Mo to obtain high specific activity of Tc-
99m, though enriched Mo-100 is preferred for better 

yields [10].  
In this paper, production of F-18 radionuclide at differ-

ent integrated proton beam currents or doses is discussed 
and dependence of impurity intensities on proton beam 
current is also presented. Moreover, preliminary result of 
Tc-99m production using an 11-MeV cyclotron is also 
highlighted in this report.  

EXPERIMENTAL METHOD 

The 11 MeV Cyclotron 
The cyclotron employed in this investigation is a typi-

cal Eclipse Radioisotope Delivery System (RDS) 111 
cyclotron located at the National Cancer Center (NCC), 
Dharmais Cancer Hospital in Jakarta, Indonesia, which 
has been described elsewhere [5]. The cyclotron acceler-
ates 11-MeV protons at a beam current of up to 60 µA, 
though in this investigation the maximum proton beam 
employed in the target irradiation is between 20 and 30 
µA, depending on the targets of interest, while the irradia-
tion time varied between 15 and 60 minutes. 

The Target Systems 
The target vessel/body for F-18 production comprises 

of a silver body/tube and is separated from the beam win-
dow by another 50 µm thick Havar foil, which has been 
described elsewhere [5]. During proton bombardment, 
havar foil is expected to be activated via (p,n) nuclear 
reaction, thus the proton-generated radionuclides could 
potentially contaminate the enriched water target should 
they recoil off the havar window.  

In Tc-99m production, the target system consists of an 
aluminum tube housing a target holder where the target is 
placed in, as can be seen in Figure 1. During the target 
irradiation, the target system was cooled by Helium and 
water coolant to avoid excessive heat while the tempera-
ture was monitored throughout the irradiation procedure. 

Production and Analysis of F-18 
Fixed energy proton beams of 11 MeV was bombarded 

into 1.8 mL enriched-water target (H2
18O). The experi-

ment was conducted at variable proton beam currents 
between 10 and 30 µA.hr. At the end of the bombardment, 
F-18 yields and radionuclide impurities were analyzed 
shortly following an hour cooling period using a portable 
gamma ray spectrometer. The spectrometer consists of a 
NaI(Tl) detector coupled to a portable pocket Multi 
Channel Analyzer (MCA). 
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Figure 1: Target system for Tc-99m production at the 
National Cancer Center, Dharmais Cancer Hospital, Ja-
karta. 

Production and Analysis of Tc-99m 
Natural molybdenum trioxide (MoO3) in the form of 

pellet was irradiated with the 11-MeV proton beam at an 
integrated beam current of 5 µA.hr. Following an hour 
cooling period, the post-irradiated MoO3 target was dis-
solved in a NaOH 6M solution and then being analyzed 
using the portable gamma ray spectrometer. Observations 
were conducted periodically to understand the evolution 
of produced Tc-99m as well as impurities found in the 
post-irradiated target. 

RESULTS AND DISCUSSION 

Spectrum of F-18 and Target System  
Fluorine-18 radionuclide is produced following irradia-

tion of enriched-water (H2
18O) target, which can be identi-

fied from the strong annihilation peak at 0.511 MeV as 
can be seen in Figure 2.  

 
Figure 2: Gamma ray spectrum of F-18 and the target 
system (Havar foil and silver body). 

In the target system, Havar foil which separates the pro-
ton beam and H2

18O target is also activated by the incom-
ing proton beam resulting in Co-56 radionuclide generat-
ed from 56Fe(p,n)56Co nuclear reaction, whereas second-
ary neutrons are expected to cause nuclear reaction when 
they hit the silver body as discussed elsewhere [5]. As a 
result Ag-110m radionuclide is generated via 
109Ag(n,γ)110mAg nuclear reaction. Both Co-56 and Ag-

110m are experimentally observed at significant levels as 
shown in Figure 2 (inset). Evidence suggests that Co-56 
observed in the post-irradiated water target is originally 
from the Havar foil. The Co-56 impurity is presumably 
recoiled off the Havar window and then fall into the water 
target. Similarly, Ag-110m is most likely as a result of 
recoiling/sputtering process. 

A total of nearly 588 mCi of F-18 radionuclide is pro-
duced at the end of bombardment when 30 µA.hr proton 
beam dose is directed to the enriched water target, where-
as the yield drops to at lower proton beam of 10 µA.hr. 

Radionuclidic Impurities  
Previous experiment suggested that radionuclidic impu-

rities such as Co-56 and Ag-110m were recorded in the 
post-irradiated H2

18O target [5], and in this investigation 
their presence is, again, confirmed as can be seen in Fig-
ure 4. The strong annihilation peak at 0.511 MeV is pre-
sumably as a result of over 1.022-MeV gamma ray inter-
action with the detector material.  

In order to study the dependence of the proton beam 
dose on the number of Co-56 and Ag-110m impurities, 
H2

18O target was irradiated with proton beam doses be-
tween 10 and 30 µA.hr.  It is clear from Figure 3 that the 
amount of the impurities is directly proportional to the 
proton beam dose.   

 
Figure 3: Gamma ray spectrum of radionuclidic impuri-
ties observed in F-18 production at variable proton beam 
intensities ranging from 10 to 30 µA.hr.    

Details of the recorded radionuclidic impurities at dif-
ferent proton beam dose are given in Table 1, which indi-
cates that no other impurities than Co-56 and Ag-110m 
are found in the post-irradiated enriched water target. The 
measured radioactivity of Co-56 impurities ranges from 
0.077 µCi at proton dose of 10 µA.hr to 0.670 µCi at 
proton dose of 30 µA.hr, whereas Ag-110m exhibits low-
er radioactivity as shown in Table 1. 
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Table 1: Radionuclidic Impurities Observed during F-18 
Production 

Proton 
dose 
(µA.hr) 

γ Energy 
(MeV) 

Identified 
Radionuclide 

Activity 
(µCi) 

10 0.511, 0.847, 
1.238 

0.511,0.658, 
0.885, 1.384 

Co-56 
 
Ag-110m 

0.077 
 

0.083 

15 0.511, 0.847, 
1.238 

0.511,0.658, 
0.885, 1.384 

Co-56 
 
Ag-110m 

0.110 
 

0.083 

20 0.511, 0.847, 
1.238 

0.511,0.658, 
0.885, 1.384 

Co-56 
 
Ag-110m 

0.202 
 

0.330 

30 0.511, 0.847, 
1.238 

0.511,0.658, 
0.885, 1.384 

Co-56 
 
Ag-110m 

0.670 
 

0.508 

Spectrum of Tc-99m 
Spectrum of post-irradiated MoO3 following 30 

minutes is given in Figure 4, which exhibits a very strong 
peak at 0.511 MeV belonging to N-13 radionuclide pro-
duced via 16O(p,α)13N nuclear reaction, though the N-13 
intensity completely disappears following a 24-hours 
cooling period (Note that N-13 half life is nearly 10 
minutes. Apart from the N-13 peak, other peaks are also 
recorded by the portable spectroscopy system, which 
correspond to Tc-99m peak at 0.142 MeV, Mo-99 peak at 
0.748 MeV, and Tc-96 peak at 0.848 MeV. Production of 
Tc-99m in this investigation is mostly due to 
100Mo(p,2n)99mTc nuclear reaction as well as the decay of 
Mo-99 which is generated from 98Mo(p,γ)99Mo nuclear 
reaction. In addition, the observed Tc-96 impurity is pre-
sumably resulted from 96Mo(p,n)96Tc nuclear reaction.  

 

 
 

Figure 4: Gamma ray spectrum of post-irradiated MoO3 
following 30 minutes and 20 days cooling respectively. 

 

Following 20 days of cooling period, strong Tc-99m 
peak dominates while the intensity of Tc-96 impurity is 
no longer significant (see Figure 4). At the end of bom-
bardment, nearly 13.4 µCi of Tc-99m is produced in this 
investigation for proton dose of 5 µA.hr. Radionuclides 
produced from an 11-MeV proton irradiated natural 
MoO3 target is listed in Table 2. 

Table 2: Radionuclides Produced from Proton-irradiated 
Natural MoO3 Target 

Radio-
nuclide 

γ Energy 
(MeV) 

Half-
life 

Nuclear Reac-
tion  

Tc-99m 0.142 6 h 100Mo(p,2n)99mTc 
N-13 0.511 10 min 16O(p,α)13N 
Mo-99 0.748 66 h 98Mo(p,γ)99Mo 
Tc-96 0.848 4.3 d 96Mo(p,n)96Tc 

CONCLUSION 
Using an 11-MeV proton accelerating cyclotron, F-18 

and Tc-99m radionuclides have been produced from en-
riched-water (H2

18O) target and natural MoO3 target re-
spectively. In F-18 production, radionuclidic impurities 
such as Co-56 and Ag-110m are apparent. While Co-56 is 
presumably generated from 56Fe(p,n)56Co nuclear reac-
tion, Ag-110m is most likely due to 109Ag(n,γ)110mAg 
nuclear reaction. Both Co-56 and Ag-110m are expected 
to recoil off the havar window and silver body respective-
ly and then fall into the enriched-water target. Experi-
mental results also indicate that the impurity intensities 
increase with increasing proton beam dose. 

In Tc-99m production, following an hour of cooling pe-
riod, N-13 radionuclide is found to dominate the impuri-
ties present in the post-irradiated natural MoO3, which is 
presumably produced via 16O(p,α)13N nuclear reaction. 
Apart from Tc-99m peak, Mo-99 energy spectrum is also 
observed in the Tc-99m production route. To get higher 
Tc-99m yield and less impurities, enriched molybdenum 
(Mo-100) target is suggested for future investigation. 

ACKNOWLEDGEMENT 
This research was fully funded by the World Academy 

of Sciences (TWAS) under the Principal Investigator’s 
Research Grant Number: 15-020 RG/PHYS/AS_I – 
FR3240287075. Financial support by the Indonesian 
National Nuclear Energy Agency (BATAN) and National 
Cancer Center (NCC), Dharmais Cancer Hospital – Jakar-
ta, Indonesia is also greatly acknowledged. 

REFERENCES 
[1] F. Bertagna, G. Treglia, A. Piccardo, and R. 

Giubbini, “Diagnostic and clinical significance of F-
18-FDG-PET/CT thyroid incidentalomas,” J. Clin. 
Endocrinol. Metab., vol. 97, no. 11, pp. 3866–3875, 
2012. 

[2] J. W. Engle, H. Hong, Y. Zhang, H. F. Valdovinos, 
V. Duane, T. E. Barnhart, C. P. Theuer, R. J. 
Nickles, and W. Cai, “Positron emission tomography 

0.2 0.4 0.6 0.8 1 1.2 1.4
0

2000

4000

6000

8000

10000

12000

14000

in
te

ns
ity

 (
co

u
nt

)

Energy (MeV)

N-13

Tc-99m

30 mins cooling
20 days cooling

Mo-99

Tc-96

Proceedings of Cyclotrons2016, Zurich, Switzerland MOP13

Cyclotron Applications

ISBN 978-3-95450-167-0

85 C
op

yr
ig

ht
©

20
16

C
C

-B
Y-

3.
0

an
d

by
th

e
re

sp
ec

tiv
e

au
th

or
s



imaging of tumor angiogenesis with a 66Ga-labeled 
monoclonal antibody,” Mol. Pharm., vol. 9, no. 5, 
pp. 1441–1448, 2013. 

[3] S. S. Gambhir, “Molecular imaging of cancer with 
positron emission tomography.,” Nat. Rev. Cancer, 
vol. 2, no. 9, pp. 683–693, 2002. 

[4] M.-C. Tu, C.-P. Lo, C.-Y. Chen, and C.-F. Huang, 
“Correlation of Tc-99 m ethyl cysteinate dimer 
single-photon emission computed tomography and 
clinical presentations in patients with low cobalamin 
status,” BMC Neurol., vol. 15, no. 1, p. 251, 2015. 

[5] I. Kambali, H. Suryanto, and Parwanto, “Radioactive 
by-products of a self-shielded cyclotron and the 
liquid target system for F-18 routine production,” 
Australas. Phys. Eng. Sci. Med., vol. 39, no. 2, pp. 1–
10, 2016. 

[6] J. R. Ballinger, “99Mo shortage in nuclear medicine: 
Crisis or challenge?,” J. Label. Compd. 
Radiopharm., vol. 53, no. 4, pp. 167–168, 2010. 

[7] J. a Osso Jr, M. F. Catanoso, G. Barrio, T. P. 
Brambilla, R. Teodoro, C. R. B. R. Dias, and K. N. 
Suzuki, “Technetium-99m - new production and 
processing strategies to provide adequate levels for 
SPECT imaging,” Curr. Radiopharm., vol. 5, no. 3, 
pp. 178–186, 2012. 

[8] F. Bénard, K. R. Buckley, T. J. Ruth, S. K. Zeisler, J. 
Klug, V. Hanemaayer, M. Vuckovic, X. Hou, A. 
Celler, J.-P. Appiah, J. Valliant, M. S. Kovacs, and 
P. Schaffer, “Implementation of Multi-Curie 
Production of 99mTc by Conventional Medical 
Cyclotrons.,” J. Nucl. Med., vol. 55, pp. 1017–1022, 
2014. 

[9] K. Gagnon, F. Bénard, M. Kovacs, T. J. Ruth, P. 
Schaffer, J. S. Wilson, and S. a. McQuarrie, 
“Cyclotron production of 99mTc: Experimental 
measurement of the 100Mo(p,x) 99Mo, 99mTc and 
99gTc excitation functions from 8 to 18 MeV,” Nucl. 
Med. Biol., vol. 38, no. 6, pp. 907–916, 2011. 

[10] P. Schaffer, F. Bénard, A. Bernstein, K. Buckley, A. 
Celler, N. Cockburn, J. Corsaut, M. Dodd, C. 
Economou, T. Eriksson, M. Frontera, V. 
Hanemaayer, B. Hook, J. Klug, M. Kovacs, F. S. 
Prato, S. McDiarmid, T. J. Ruth, C. Shanks, J. F. 
Valliant, S. Zeisler, U. Zetterberg, and P. A. 
Zavodszky, “Direct Production of 99mTc via 
100Mo(p,2n) on Small Medical Cyclotrons,” Phys. 
Procedia, vol. 66, pp. 383–395, 2015. 

 

MOP13 Proceedings of Cyclotrons2016, Zurich, Switzerland

ISBN 978-3-95450-167-0

86C
op

yr
ig

ht
©

20
16

C
C

-B
Y-

3.
0

an
d

by
th

e
re

sp
ec

tiv
e

au
th

or
s

Cyclotron Applications


